A Ku-band wideband conformal array antenna with 13 × 19 elements is presented in the paper. The array has a spherical structure, and its element is a proximity-coupled stacked patches antenna with a cavity-backed ground plane. The stacked patches and the cavity produce multiple coupled resonances, which enhance the bandwidth of the element extremely. A simulated model with the reasonable dimensions is framed with the coupling analyses, and the effective simulated results and good computing efficiency are obtained simultaneously. The measured results of the center embedded element in the whole array show a bandwidth exceeding 40% (VSWR < 2), which is close to the simulated matching performance.
Introduction
Recently, active electronically scanned array (AESA) systems have been widely applied in aircrafts. However, the antenna arrays in these systems are basically planar, and it is difficult with these arrays to achieve the integration with platforms. Accordingly, the aerodynamic performance and the RCS of platforms are affected. One effective solution is to employ conformal phased arrays instead of planar arrays. Furthermore, conformal arrays can afford larger beam coverage range besides planar arrays. Hence, the designs of conformal array antennas have been an attractive research field, and many significant investigations have been reported, such as the conformal waveguide slot arrays [1] and the conformal microstrip patch arrays [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . As compared to conformal waveguide slot arrays, conformal microstrip patch arrays have the advantage of lighter weight, smaller size, and better integration with aircrafts. Thus, a clear majority of conformal arrays are built up of microstrip patch antennas. However, most of the arrays in the papers referred to above use conventional microstrip antennas as the elements, and their bandwidths are narrow. Although some of them employ certain techniques for enhancing the bandwidths, such as aperture-coupling [8] , triple patch [9] , proximitycoupling with cavity-backed configuration [10] , and E-shaped patch [11] , the capability of increasing the bandwidths with techniques is limited, and the largest bandwidth achieved in these arrays is only 27.6% [10] .
In this paper, we extend the cavity-backed proximitycoupled stacked patches antenna in our previous work [12] into the design of a broadband spherical conformal phased array antenna working in Ku-band. The array antenna consists of 19 single-column arrays with 13 elements. To achieve a wideband response of the embedded elements, the influences of the mutual couplings on the matching are included in the optimization. The measured results of the center embedded element in the prototype array demonstrate that its bandwidth is 42% (VSWR < 2).
Array Antenna Configuration and Mutual Coupling Analyses
The array antenna is located on a spherical surface with a radius of about 153 mm, which is shown in Figure 1 . along the -direction in each single-column array. The crosssections of the conformal array antenna in xz-and yzplanes are two sectors with central angles of 95 ∘ and 52 ∘ , respectively. Its embedded elements are assembled piecewise in a smoothly spherical metallic frame. The polarization of the antenna element is polarization, whose structure is depicted in Figure 2 . The element is composed of two stacked patches, a cavity, a feed-line, and three substrate layers. is the distance between the open circuit termination of the feed-line with and the cavity surface center. The coaxial connector and the feed-line are vertically connected. The stacked patches and the cavity are to serve as three radiators with interactions, which affords a broadband solution [12] .
Due to the limitation of the computing devices' capability, it is difficult to simulate the whole conformal array antenna with 13 × 19 elements. Hence, it is needed to reduce the simulated array size for improving computing efficiency in case of ensuring the effectiveness of the results. In order to obtain the reasonable simulated array size, the mutual couplings among elements in the seventh single-row array and the tenth single-column array are simulated by HFSS, separately. The elements in the two arrays are the same. Arlon DiClad880 is used as the substrate material. Its dielectric constant is 2. As can be seen from Figure 2 , the -directed couplings decay rapidly with the increases of the distances between the two elements, and | (7,10), (7, 12) | is already lower than −22 dB in the lower frequency band. However, the -directed couplings do not exhibit a similar behavior. The mutual couplings between the center embedded element and other elements in the tenth single-column array are not decreased obviously with the increases of their distances, and | (7,10), (11, 10) | is still larger than −20 dB in the lower frequency band. Accordingly, the effects of the mutual couplings on the matching of the embedded element in the -direction are larger than those in the -direction. Considering these circumstances, a simulated array model with three single-column arrays composed of 9 elements is constructed.
Array Antenna Design and Results
Based on the proposed simulated model, the embedded element is optimized. In the optimization process, the parameters of the three substrates and the width of the feedline are invariable and their values are the same as the instance in Figure 3 . By optimizing other design parameters Frequency (GHz)
|S (7, 10) , (7, 11) | |S (7, 10) , (7, 14) | |S (7, 10) , (7, 17) | |S (7, 10) , (7, 12) | |S (7, 10) , (7, 15) | |S (7, 10) , (7, 18) | |S (7, 10) ,(7,13) | |S (7, 10) , (7, 16) | |S (7, 10) , (7, 19) | |S (7, 10) , (8, 10) | |S (7, 10) , (10, 10) | |S (7, 10) , (12, 10) | |S (7, 10) , (9, 10) | |S (7, 10) , (11, 10) | |S (7, 10) With these parameters, a 13 × 19 prototype conformal array antenna is fabricated, which is shown in Figure 4 . Figure 5 shows the measured and the simulated results of the center embedded element VSWR and the magnitude of the mutual couplings between two neighboring elements. It can be seen that the measured bandwidth of VSWR below 2 is from 12 to 18.4 GHz (42.1%) and the simulated bandwidth is from 11.8 to 18.5 GHz (44.2%). Both of the measured and the simulated mutual couplings in the -direction (| (7, 10) , (8, 10) |) are lower than −16 dB, and the measured and the simulated mutual couplings in the -direction (| (7, 10) , (7, 11) |) are both lower than −18 dB. Also, the measured and the simulated results are in agreement, which means it is effective that the |S (7, 10) , (8, 10) | (measurement) |S (7, 10) , (7, 11) | (measurement) |S (7, 10) , (8, 10) | (simulation) |S (7, 10) , (7, 11) | (simulation) VSWR (7, 10) (measurement) VSWR (7, 10) (simulation) matching performance of the center embedded element in the whole array is estimated by simulating the small size array proposed above. The radiation patterns of the center embedded element in the operation band are shown in Figure 6 . The copolar patterns exhibit good symmetry, and the measured crosspolarization levels are less than −17 dB. Due to the different sizes of the arrays and the ground planes of the simulated model and the actual prototype, there are different oscillating behaviors in the simulated and the measured patterns, especially in the E plane. Figure 7 reveals the gain of the center embedded element in the operation band. As can been seen from the measured and simulated results, the trends of the two curves are comparatively consistent. The measured and the simulated maximum gains are 10.1 dB at 18 GHz and 9.9 dB at 17.5 GHz, separately.
Conclusion
A Ku-band spherical conformal phased array antenna has been designed in this paper. The simulated results of 9 × 3 array estimate accurately the matching performances of the embedded element in the actual array. In the meantime, the method provides a nice computing efficiency. The center embedded element of the array exhibits an excellent broadband over 40% (VSWR < 2) and a good radiation performance, which indicates that the method is effective. The array is suitable for being applied to radar and communication systems in aircrafts and other mobile platforms with limited space.
